The families within the class MoUicutes are distinguished by their morphologies, nutritional requirements, and abilities to metabolize certain compounds. Biosystematic classification of the plant-pathogenic mycoplasmalike organisms (MLOs) has been difficult because these organisms have not been cultured in vitro, and hence their nutritional requirements have not been determined nor have physiological characterizations been possible. To investigate the evolutionary relationship of the MLOs to other members of the class MoUlicutes, a segment of a ribosomal protein operon was cloned and sequenced from an aster yellows-type MLO which is pathogenic for members of the genus Oenothera and from Acholeplasma laidlawii. The deduced amino acid sequence data from the rp122 and rps3 genes indicate that the MLOs are more closely related toA. laidlawii than to animal mycoplasmas, confirming previous results from 16S rRNA sequence comparisons. This conclusion is also supported by the finding that the UGA codon is not read as a tryptophan codon in the MLO and A. laidlawii, in contrast to its usage in Mycoplasma capricolum.
The taxonomic position of plant-pathogenic mycoplasmalike organisms (MLOs) has been uncertain since they were first recognized more than 20 years ago (2) . This is primarily because MLOs have not been cultured in vitro (7) , and thus they have not been characterized biochemically nor have their nutritional requirements been determined. Because MLOs lack a cell wall, they have been tentatively classified as members of the class Mollicutes (16) , although it has not been clear whether they truly resemble the sterol-requiring mycoplasmas or the non-sterol-requiring acholeplasmas.
Recently, we have shown that an aster yellows-type MLO, which is pathogenic for members of the genus Oenothera, has a low G+C content in its genome (18) ; this is consistent with the A+T-rich genomes of members of the class Mollicutes (12) . The genome size of the MLO resembles those of the highly degenerate animal mycoplasmas (9) , but the 16S rRNA sequence data (8) point to a closer relationship to Acholeplasma laidlawii and a more distant relationship to the spiroplasmas and animal mycoplasmas. To supplement these studies, we have cloned and sequenced a segment from a ribosomal protein gene cluster from a representative of the MLOs and from A. laidlawii. These data are valuable because the primary sequences of protein genes do not have the base-pairing constraints that slow the evolution of rRNA genes. Furthermore, confirmation of an evolutionary tree by using different molecular data renders unlikely the possibility of horizontal transfer.
We were also interested in examining the codon usage of the protein genes, because this is another trait that differentiates non-sterol-requiring acholeplasmas and sterol-requiring mycoplasmas. Although UGA was formerly considered to be a universal termination codon in prokaryotes and eukaryotes, animal mycoplasmas and spiroplasmas are known to use UGA as a tryptophan codon (1, 4, 13, 22) in * Corresponding author. addition to the standard UGG tryptophan codon. In contrast, in A. laidlawii, only the UGG codon specifies tryptophan (19) . Prior to the initiation of this study, the only sequence data available for MLOs was from the rRNA operon (8) , and thus, the nature of the MLO genetic code was unknown.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli DH5aL was used as the host for cloning experiments with pUC18. TheA. laidlawii strain was provided by Terry Moser (Michigan State University Veterinary Clinic). Plasmid pMC1088 (13) , which was kindly provided by S. Osawa (Nagoya University, Nagoya, Japan), contains a segment of the ribosomal protein gene operon of Mycoplasma capricolum (Fig. 1) .
Preparation of plasmid and chromosomal DNAs. Plasmid DNA was prepared by the alkaline method described by Maniatis et al. (11) . Total MLO DNA was isolated from infected Oenothera leaf tip cultures according to the method of Sears et al. (18) . Total A. laidlawii DNA was isolated by a method described previously (23) , except that the lysozyme treatment was omitted and the pronase was replaced with proteinase K.
Cloning of ribosomal protein genes from an MLO. The methods were essentially those of Maniatis et al. (11) . A heterologous probe, pMC1088, was used to identify a 2.7-kb HindIII fragment in Southern blots of the Oenothera MLO. DNA fragments of this size were gel purified and ligated into pUC18, which had been digested with HindIII. Clones were selected by colony hybridization and Southern blot hybridization with the pMC1088 probe under low-stringency washing conditions (Fig. 1) .
Cloning of ribosomal protein genes from A. laidlawii. After the MLO sequence was determined, two conserved sites (Fig. 2) 
RESULTS
Cloning, sequencing and DNA alignments. We have cloned a 2.7-kb HindIll DNA fragment from an MLO which is pathogenic for members of the genus Oenothera (Fig. 1) by using a heterologous probe that contains a segment of a ribosomal protein gene operon of M. capricolum (13) . By using this clone, the entire rp122 and rps3 genes were sequenced.
Since the analogous ribosomal genes fromA. laidlawii had not been analyzed, we cloned a 1.2-kb fragment from A. laidlawii by using PCR and then sequenced it. This sequence aligns well with the sequence of the MLO clone (Fig. 2) , confirming that the targeted ribosomal protein genes were indeed cloned. The nucleotide sequences for the rp122 gene of the MLO andA. laidlawii are 62% identical. The rps3 gene sequences are 67% identical.
In both the MLO and A. laidlawii, ribosomal binding sites (Shine-Dalgarno sequences) are found upstream of the initiation codons for the rp122, rps3, and rp116 genes, but no promoterlike sequence is present. For all but one of the genes, AUG is used as the initiation codon. The exception is the rps3 gene of the MLO. For this gene, the initiation codon appears to be GUG, which is the most frequently encountered alternative (5). In Bacillus stearothermophilus, GUG is also used as the initiation codon of the rps3 gene (6) .
The genes for the rpsl9, rpl22, rps3, and rpll6 ribosomal proteins are organized very tightly in both the MLO and A. laidlawii, with very short intergenic regions and/or overlapping genes (Fig. 2) .
Comparison of amino acid sequences. Figure 3 shows an alignment of the deduced amino acid sequences of the rp122 (Fig. 3A) and rps3 (Fig. 3B ) genes of the Oenothera MLO, A. laidlawii, M. capricolum (13), B. stearothermophilus (6) , and E. coli (24) . The length of the rpl22 gene (111 codons) in A. laidlawii is almost the same as those of M. capricolum (111 codons), B. stearothermophilus (113 codons), and E. coli (110 codons). However, in the MLO, the rpl22 gene is 129 codons long. The rps3 genes of M. capricolum and E. coli encode a protein of 233 amino acids. The rps3 genes of the MLO and A. laidlawii are 252 and 265 codons long, respectively. In B. stearothermophilus, the rps3 gene is 218 codons long. Divergence in the amino acid sequences occurs mainly in three regions, as indicated in Fig. 3B . By using the "gap" option of the University of Wisconsin Genetics Computer Group Program, we calculated amino acid identity and similarity, which also includes conservative amino acid substitutions. As shown in Table 1 (right upper half), the rp122 gene of the MLO is most similar to that ofA. laidlawii. In the pairwise comparisons, the rp122 amino acid sequence of the MLO is equally diverged from the analogous genes in M. capricolum and B. stearothermophilus, with slightly less identity to the rpl22 gene of E. coli. Surprisingly, the pairwise comparisons indicate that the A. laidlawii rpl22 gene is least similar to that of M. capricolum.
The left lower half of Table 1 shows the amino acid sequence identity and similarity of the rps3 genes among these five organisms. The MLO is most similar to A. laidlawii, which is consistent with the rp122 sequence data. Even in the variable regions (Fig. 3B) , a high degree of similarity in the sequences of these two organisms is observed. The rps3 amino acid sequences of both the MLO and A. laidlawii are more similar to those of B. stearothermophilus and E. coli than to that of M. capricolum.
Phylogenetic trees were constructed by using the PAUP program. The minimum tree length was obtained with E. coli as the out-group. The trees derived from the two ribosomal protein genes are shown in Fig. 4 . Although the evolutionary rates of the two protein genes are different, both trees show that the MLO is closely related to A. laidlawii and that these two bacteria are monophyletic with M. capricolum, although their divergence is ancient. As expected, the members of the class Mollicutes cluster with B. stearothermophilus.
Codon usage. The codon usages in the rpl22 and rps3 genes of the Oenothera MLO, A. laidlawii, M. capricolum, B. stearothermophilus, and E. coli were compared (Table 2) . About 80% of the codons in the MLO and A. laidlawii have A or U at the third position. This is true for an even higher fraction of codons (91%) in M. capricolum (13) , whose genome has a lower G+C content (25%) than the MLO (29.5%) and A. laidlawii (30 to 32%). In contrast, the G+C content of the genomes of B. stearothermophilus (6) and E. coli (12) are 52 and 50%, respectively, and 44 to 50% of the codons have A or U at the third position. The A and U richness of codons of members of the Mollicutes is also evident at the first position. In the three members of the Mollicutes studied, the frequency of codons with A or U at the first position is 51 to 57%, but in B. stearothermophilus and E. coli, the occurrence of A or U at the first position is 38%. Unlike the situation with the first and third positions, the frequency of A or U at the second codon position; of members of the Mollicutes (62 to 63%) is similar to those of B. stearothermophilus (60%) and E. coli (59%).
The sequence of the rps3 ribosomal protein gene from M. capricolum includes five UGA codons in the reading frame (13) . In the MLO and A. laidlawii, no UGA codon is found in either the rp122 or rps3 genes for a total of 381 and 377 codons, respectively (Table 2) . Nor was any UGA codon found when we examined several additional nearby open reading frames from the MLO (10). In the five positions corresponding to the UGA codon in the M. capricolum rps3 gene, three UGGs are found in the MLO, B. stearothernnophilus, and E. coli sequences and two UGGs are present in the A. laidlawii sequence (Fig. 2) (Fig. 4) . Nonetheless, the deep branching indicates that the clade that contains the MLO and A. laidlawii diverged from the mycoplasmas early in the evolution of members of the Mollicutes. The length of the branches is consistent with a rapid rate of evolution within the class Mollicutes, as suggested by previous 5S and 16S rRNA sequence data (17, 20, 21) .
The G+C content of the genome of members of the Mollicutes is very low. Thus, a strongly biased mutation pressure replacing GC pairs with AT pairs in DNA must have occurred during their evolution (15) . The effect of this so-called "AT pressure" on the usage of amino acid codons is seen in Table 2 . The GC to AT substitution in genomes of members of the Mollicutes has occurred mainly at the third codon position but also at the first position. Since functional constraints of the protein should limit the change in the coding sequence, and since silent codon positions are the third base and sometimes the first base, this explains why GC to AT base substitutions have occurred more frequently at those positions.
According to the codon usage data summarized in Table 2 , it appears that, unlike the animal mycoplasmas and spiroplasmas, the MLO and A. laidlawii probably do not use UGA as a tryptophan codon. No UGA codon was found in the reading frames, and the UGG tryptophan codon was used three times in both the MLO and A. laidlawii genes. In contrast, in M. capricolum, all of the tryptophan codons are UGA in these genes (13, 14) . The codon usage data for A. laidlawii are consistent with previous results showing that this organism contains a single tRNAccATrP (19) . In the MLO, of the five termination codons that we have observed (this work and reference 11), all are UAA. In A. laidlawii, two stop codons are UAA and one is UAG. Since our sequence data are somewhat limited, it is difficult to conclude whether UGA is used as a stop codon in the MLO and A. laidlawii, but we expect that its use for termination is infrequent or rare.
In conclusion, our amino acid comparisons and the codon usage data confirm our earlier results showing that plantpathogenic MLOs are more closely related to A. laidlawii than to the mycoplasmas. According to the 16S rRNA sequence comparisons (20) , members of the Mollicutes fit five phylogenetic groups (the hominis, pneumoniae, spiroplasma, anaeroplasma, and asteroleplasma groups). The anaeroplasma group includes anaeroplasmas and most acholeplasmas. Since our data indicate a close relationship between the MLO and A. laidlawii, MLOs probably belong in this group. In order to determine more precisely the appropriate phylogenetic position of MLOs within this group, comparison of sequences from other MLOs and from other organisms belonging to the anaeroplasma group would be required.
